Auscultation represents a popular method for physicians to diagnose the existence of pulmonary disease. The paper discusses an in vitro experiment to understand the correlation between trachea internal airway geometry and the auscultation signal response. The trachea is one part of the chest and neck airway system. We attempt to find the correlation between the acoustic signal generation and the tracheal internal geometry changes due to swallowing problems that affect coughing or block airways. Instead of carrying out medical experiments on human beings, we developed a computer and a mechanical model of stenosis signal generation. The models can predict the auscultation signal changes by altering their internal geometry to simulate a tracheal disease. The work is a part of an ongoing effort to develop a digital simulation model for smart auscultation signal diagnosis.
Introduction
The contemporary practice of lung auscultation as an essential part of physical examination can be traced back to the time of
Hippocrates [1] . Serving as a simple, non-invasive and inexpensive tool for lung (and heart) auscultation, the stethoscope, which was introduced by Rene Laennec in 1816 and gradually refined ever since [2] [3] [4] [5] , can provide quick yet rich information on lung health status. The stethoscope has been adopted as an indispensable tool for physicians [6] and is regarded as a hallmark [5, 7] that symbolizes a doctor's professional competence [8] . However, the usage of the stethoscope still heavily relies on empirical knowledge. Proficiency in stethoscope usage is a time-honored skill [9] . Yet accompanying with widespread adoption of electronic health record and the digital representation of a patient [10] , and the decreased emphasis on physical diagnosis teaching and practice [11] [12] [13] , there have been a growing sense that proficiency in physical diagnostic skills is waning [7, 14] . For example, a survey conducted by [9] found that the success rate as revealed by the training examination is unsatisfactorily elusive for trainees. Recent studies regarding bedside medical practice [13, 15, 16] also indicate that a decline in exam skills could have adverse effects on patient care. This paper introduces a novel approach to the pulmonary auscultation simulation by exploiting the fundamental physics that govern the flow-induced acoustic signal generation during the auscultation process. Further, the simulation model can unveil the mechanism that generates the observed tracheal acoustic characteristics and establish the relationship between the pathological cause and the auscultation signal response according to its inherent physics. In the paper, we demonstrate the feasibility of building a two-way mapping relationship between the local lung airway pathological geometry changes and the corresponding acoustic changes in auscultation signal response. A mechanical model, with a focus on flow-induced sound generation physics, and augmented with a corresponding numerical simulation, can help establish a solid foundation for mapping between the local pathological changes in airway internal geometry and the corresponding acoustic changes in the auscultation signal.
This mapping relationship eventually will lead to an intelligent stethoscope system that has great potential of being utilized in medical training, physical examination and even telemedicine applications.
Materials and Methods
The lung is just another shape that obeys physics. In the paper, we introduce a physics-based research approach, i.e., an in vitro experimental and numerical investigation of the aero-acoustic physics that is responsible for the generation of the pulmonary acoustic noise. Sound generation and propagation rely on the physical medium, which includes both fluids and solids. Since fluid, in forms of gas (such as air) and liquid (such as water or blood), is ubiquitous everywhere within the entire ecosystem of the earth, one dominant sound generation mechanism is the interaction between the fluid flow and its surrounding solid boundaries, i.e., the dipole type of sound generation mechanism as discussed in [17] . In a fluid medium, sound propagation takes the form of a pressure wave. One branch of the related research efforts deals with turbulent flows within lung airways. Representative work in this category include [18] [19] [20] [21] [22] [23] [24] [25] using computational fluid dynamics simulation, magnetic resonance imaging, and /or particle tracking velocimetry on a variety of airway flows. The other branch of the research efforts, represented by [26] [27] [28] under the Audible Human Project sponsored by NIH, focus on localization of adventitious respiratory sounds using beamforming method [29, 30] .
In this paper, a numerical and experimental study of the aero-acoustic characteristics associated with human air pathway geometries was conducted using the COMSOL acoustics simulation software and a mechanical simulation system. The lung airway models used in the in vitro experiment was constructed from the The geometry data of a human trachea; b)
Pressure field during the inspiration; c)
Pressure field during the expiration. 
Case Study of a Tracheal Sound with Stenosis
In this paper, we sought to perform a systematic auscultation sound analysis of a human trachea implementing electronic respiratory sound analysis to aid in the detection of specific respiratory disorders using a mechanical trachea model. As the geometry plays a crucial role in shaping the acoustic signal generated by the air inside the trachea, it seems interesting to conduct an experiment where the internal geometry is altered. A stenosis is a simple disease to study because it represents a constriction occurring on the tracheal wall thus resulting in a shrinkage in airway cross-sectional area. We mechanically reduced the trachea diameter by putting a & 5d clearly demonstrate significant differences in the spectral behavior between the normal and the diseased cases. Especially, there are high peaks appearing at f=1000 Hz, 2000 Hz, and f=3000
Hz for the diseased case during the inspiration process. Similar distinct frequency peaks, as shown in Figure 5d , also appear during the expiration process. Apparently, these frequency peaks are generated due to the internal airway geometry change in the 
Discussion
The research approach described in this paper paves the way to achieve an enhanced personalized pulmonary healthcare by introducing an in vitro experiment for a 3D-printed trachea internal airway model and its auscultation signal response at both normal and diseased geometry conditions. By examination of the effect of the trachea geometry changes on the acoustic signal variation, the geometry of the trachea is crucial for the determination of the acoustic characteristics in the frequency domain. The changes in the frequency domain can be presumably traced to eddies generated during flow separation over the bump generated by stenosis on the trachea wall, which is subject to further investigation. The paper tries to fill in a gap in the knowledge base in precipitating the process of achieving a reliable smart stethoscope system. The method can offer enhanced objective information to assist trainees and physicians in attaining accurate diagnosis during the physical examination process.
